A ccelerated bridge construction incorporates innovative techniques and materials to efficiently reduce construction time and traffic disruption. It also improves work-zone safety for workers and commuters. Prefabrication of bridge structural components is a highly effective technique and is one of the accelerated bridge construction methods promoted by the Federal Highway Administration under the category of prefabricated bridge elements and systems. Several bridges have been built or rehabilitated using accelerated bridge construction methods. Examples in Utah include the Interstate 15 (I-15) Core Provo Center Street interchange, the Riverdale Road over Interstate 84 (I-84) bridge, and the I-15 South Layton interchange. Precast concrete deck panels, substructures, and superstructures have been frequently used in accelerated bridge construction. Connections between such reinforced precast concrete elements are among the most critical components of the structure. Researchers are investigating the adequacy of various connection configurations, especially in moderate to high seismic regions. These connections not only have to conform to accelerated bridge construction standards in terms of construction delivery time but must also resist earthquake-induced deformations and stresses. Lateral load capacity, displacement ductility, and reparability are three significant criteria for any connection considered in seismic regions. In this paper, a column-to-cap beam joint is investigated using ■ Although grouted splice sleeve connectors facilitate the construction of precast concrete bridges and accelerate construction, seismic bridge design codes prohibit their use in column plastic hinges.
A ccelerated bridge construction incorporates innovative techniques and materials to efficiently reduce construction time and traffic disruption. It also improves work-zone safety for workers and commuters. Prefabrication of bridge structural components is a highly effective technique and is one of the accelerated bridge construction methods promoted by the Federal Highway Administration under the category of prefabricated bridge elements and systems. Several bridges have been built or rehabilitated using accelerated bridge construction methods. Examples in Utah include the Interstate 15 (I-15) Core Provo Center Street interchange, the Riverdale Road over Interstate 84 (I-84) bridge, and the I-15 South Layton interchange. Precast concrete deck panels, substructures, and superstructures have been frequently used in accelerated bridge construction. Connections between such reinforced precast concrete elements are among the most critical components of the structure. Researchers are investigating the adequacy of various connection configurations, especially in moderate to high seismic regions. These connections not only have to conform to accelerated bridge construction standards in terms of construction delivery time but must also resist earthquake-induced deformations and stresses. Lateral load capacity, displacement ductility, and reparability are three significant criteria for any connection considered in seismic regions. In this paper, a column-to-cap beam joint is investigated using ■ Although grouted splice sleeve connectors facilitate the construction of precast concrete bridges and accelerate construction, seismic bridge design codes prohibit their use in column plastic hinges.
■ Half-scale bridge column-to-cap beam assemblies were tested to investigate their response under cyclic quasi-static load.
■ Satisfactory drift capacity and displacement ductility were achieved when the grouted splice sleeve connectors were inside the cap beam joint. The response of such connections to cyclic loading was studied to investigate their performance in high seismic regions. 7, 8 Grouted splice sleeves or mechanical reinforcing bar splices are hollow steel cylinders made of ductile iron. Figure 1 shows the grouted splice sleeve used in this research. One of the steel reinforcing bars from the two components to be connected is grouted at one end and fastened to the opposite threaded end. Hence, the connector is denoted here as fastened and grouted splice sleeve (FGSS) ( Fig. 1 and 2 ).
NCHRP report 698 includes an evaluation of several accelerated bridge construction connections in moderate to high seismic regions. 9 Verified connection types include bar couplers, grouted ducts, pocket connections, socket grouted splice sleeve connectors in either the column or the cap beam to construct precast concrete column-to-cap beam joints; the performance of the precast concrete joints is compared with an identical cast-in-place column-to-cap beam joint.
Previous research
The grouted duct connection is a typical accelerated bridge construction connection for reinforced precast concrete column-to-cap beam joints; corrugated steel ducts are cast in the cap beam, and column reinforcement dowels are inserted and grouted inside the ducts. This connection was found to be a viable technique for accelerated bridge construction in seismic regions. [1] [2] [3] Pocket connections were used to connect bridge columns to cap beams. These are constructed by placing a circular corrugated steel duct inside the cap beam; projected column bars are inserted into the pocket that is filled with concrete. Matsumoto reported that the pocket connection was emulative of conventional monolithic construction in terms of the overall hysteretic performance, force-displacement response, and plastic hinging mechanism. 4 Prestressing has been incorporated in research studies to improve seismic performance of bridge subassemblies by providing self-centering. This connection is identified as a hybrid connection because it incorporates both prestressing and mild steel reinforcing bars. Residual displacements and overall damage are reduced compared with nonprestressed connections. 5, 6 Grouted splice sleeve connectors and other reinforcing bar splicing devices are also effective accelerated bridge construction methods. Such connectors have been used in bridge construction in nonseismic regions because they accelerate construction. Each individual reinforcing bar concrete construction. Table 1 shows the test matrix, and Fig. 3 demonstrates the test configuration alternatives. All specimens were assembled and tested in an inverted position compared with actual construction for ease of construction and testing. A second objective of the study was to investigate the influence of the location of the fastened and grouted splice sleeve connectors within the precast concrete specimens. Specimen FGSS-1 was composed of a precast concrete column and cap beam with the connectors in the column end, whereas specimen FGSS-2 was composed of a precast concrete column and cap beam with the connectors in the cap beam. Specimen CIP was the cast-in-place concrete alternative, or control specimen, a monolithic construction without any connectors or bar lap splices.
Monotonic tensile tests on individual connectors
A series of tensile tests was conducted on six individual fastened and grouted splice sleeve connectors to ascertain essential information on the performance of the connectors under monotonic tensile loads. Results from these air tests were used to assess the strength capacity and failure mode of the fastened and grouted splice sleeve connectors, in addition to providing an insight into the overall performance, specifically the stress transfer within the connector.
Two no. 8 (25M) reinforcing bars were connected using an appropriately sized fastened and grouted splice sleeve connector for each air test specimen. The reinforcing bars had a nominal yield strength of 60 ksi (400 MPa) and an connections, hybrid connections, integral connections, and emerging technologies such as shape memory alloys. These connections were either used in actual projects or were being developed in research studies. One of the outcomes of this study was the prioritization of additional research considered essential for each connection type, to fully understand its behavior under seismic actions. For the bar coupler, which is in the general category of mechanical couplers that includes the grouted splice sleeve connectors, NCHRP report 698 recommended further experimental studies to ascertain strength properties of the grouted splice sleeve along with the displacement ductility of components joined with such connectors.
Experimental studies have been conducted on various types of mechanical couplers comprising only two connecting bars, cast iron sleeves, and high-strength grout. [10] [11] [12] Such experiments, referred to as air tests, were conducted to study the strength, reinforcing bar slip, bond characteristics, and fatigue life of the mechanical couplers. Jansson reported a series of air tests on fastened and grouted splice sleeve connectors for no. 6 (19M) and no. 11 (36M) steel bars. Test results showed acceptable performance in terms of reinforcing bar slip and fatigue life. Tensile test results indicated that all no. 6 assemblies failed due to fracture of the reinforcing bar in the threaded region, thereby reaching the nominal tensile strength of the bars.
Cyclic tests were conducted on large-scale precast concrete specimens joined by means of various grouted splice sleeve connectors. [12] [13] [14] [15] [16] [17] The presence of grouted splice sleeve connectors in the plastic hinge region did not considerably change the lateral force capacity of the assembly. However, the displacement capacity was found to be smaller than that of monolithic specimens. Damage progression and the plastic hinge mechanism were also different from those of monolithic specimens. This paper presents experimental results of three quasistatic cyclic tests of half-scale column-to-cap beam specimens, two of which used fastened and grouted splice sleeve connectors, to investigate their performance compared with the third specimen, which was built using cast-in-place 19 in accordance with capacity-based design principles. A circular configuration of column longitudinal bars and an octagonal column cross section were adopted because this is the method of choice in Utah. The aforementioned design codes in addition to the Caltrans Seismic Design Criteria (SDC) 20 prohibit the splicing of reinforcing bar, including mechanical anchorage devices, in the plastic hinge region of ductile members for bridges located in moderate to high seismic regions. In AASHTO LRFD seismic bridge design, this would apply to seismic design categories C and D. Thus the preliminary design and detailing were developed for specimens without fastened and grouted splice sleeve connectors (the cast-in-place concrete specimen). The design was then adjusted to accommodate the fastened and grouted splice sleeve connectors inside the precast concrete specimens, and essential modifications were considered accordingly. actual yield strength of 76 ksi (525 MPa). The test-day compressive strength of the high-strength grout was 9.4 ksi (65 MPa). This grout was used to confine the reinforcing bar inside the connector.
Monotonic tensile loading was applied until the bottom reinforcing bar pulled out from the connector due to bond failure. Strains were monitored on the reinforcing bar portion outside the connector, the reinforcing bar portion inside the connector, and on the connector itself. The average strength achieved by the air test specimens was 1.44 ± 0.0488 (standard deviation, where n = 6) times the nominal yield strength of the reinforcing bar. The strain gauge located 5 in. (130 mm) from the end of the reinforcing bar grouted inside the connector showed that the reinforcing bar yielded at that section.
The gradual pullout failure was initiated by a grout cone failure at the opening end of the connector (Fig. 4) . A subsequent crushing of the grout in front of the reinforcing bar deformations formed a shear failure surface with a diameter slightly larger than that of the reinforcing bar, and therefore the reinforcing bar pulled out from the connector. Table 2 includes the results of the air tests. No sign of damage was noted on the threaded reinforcing bar, which was well developed beyond the yield point. 
Failure of air test specimen in testing apparatus
Grout cone failure and reinforcing bar pullout
The specimens were half-scale models of common prototype highway bridges, specifically the Riverdale Road bridge over I-84 in Utah. A preliminary nonlinear static analysis and a series of sectional analyses were conducted to estimate the maximum lateral load and displacement of the control specimen CIP and to design the cap beam accordingly. Probable material properties for steel and concrete were used in addition to beam-column elements to perform the preliminary analysis. Detailed nonlinear analyses, including the effect of the connectors in the system, are anticipated to be complete by the end of 2015. The cap beam was designed as a 9 ft long × 2 ft wide × 2 ft deep (2.8 m × 0.6 m × 0.6 m) precast concrete member with no. 8 (25M) longitudinal bars enclosed by no. 4 (13M) double hoops. The cap beam was designed to remain linearly elastic and not undergo plastic deformation. The design inhibits shear failure from occurring in the column by using a shear span-to-depth ratio of more than 5.0 (corresponding to slender columns) in addition to closely spaced adequate shear reinforcement. The desirable column failure mode was set to be either flexural or splice failure. Figure 5 shows the steel reinforcement without the fastened and grouted splice sleeve connectors. This could be considered the monolithic joint design for cast-in-place concrete construction. The design details for each specimen are summarized in the next section. Dowel bar tails were bent inward to achieve a better performance under lateral cyclic loads as required for seismic design category D in accordance with AASHTO LRFD seismic bridge design.
Fabrication of test specimens
The three specimens had identical geometric properties and similar details in the plastic hinge region. Figure 6 shows the details of specimen FGSS-1 in addition to the column and cap beam reinforcing bar cages. Specimen FGSS-1 comprised a precast concrete column with the fastened and grouted splice sleeve connectors embedded in the column end and a precast concrete cap beam with dowel bars projecting 7 in. (180 mm). In the first step of the construction phase, column longitudinal bars were fastened to the threaded end of the fastened and grouted splice sleeve connectors. All bars were initially hand tightened to the connectors before being fully tightened using a pipe wrench. A form mounting fixture was used to fasten the grouted splice sleeve connectors to a wooden template arranging the column bars in the desired configuration. The spiral over the fastened and grouted splice sleeve connector region had a 1 5 ⁄8 in. (42 mm) larger diameter than the spiral for the rest of the column due to the larger diameter of the fastened and grouted splice sleeve connector compared with reinforcing 
Specimen FGSS-1 details
Specimen FGSS-1 reinforcing bar cages was changed from the column end to inside the cap beam. Such a modification would make the specimen conform to the bridge design code because the fastened and grouted splice sleeve connectors would not be located inside the column plastic hinge region. 19, 20 A second reason for examining this alternative was to investigate the reduced bar. This resulted in an overlapping spiral region right above the fastened and grouted splice sleeve connectors. 
Specimen FGSS-2 details
Specimen FGSS-2 reinforcing bar cages (2.6 L) of water was sufficient to fill all six fastened and grouted splice sleeve connectors and cast the 1 ⁄4 in. (6 mm) bed grout. An electric mortar mixer with a jiffler paddle attachment was used to continuously mix the grout with water for five minutes. The flow test conducted after mixing indicated that the grout had a good consistency with an acceptable spread diameter of 5 in. (130 mm) for specimen FGSS-1. The high-strength grout was used to complete the installation. A postgrout technique was implemented for specimen FGSS-1 in which the grout was pumped into the bottom nozzle of the connector. The grout traveled up against gravity and filled the inside space of the connector using a hand pump. Both inlet and outlet ports were plugged when the connector was completely filled with grout. A pregrout technique was conducted for specimen FGSS-2 to facilitate installation. Both inlet and outlet ports of the six connectors were sealed during construction of the cap beam reinforcing bar cage. During erection of specimen FGSS-2 and before lowering and positioning the column, the high-strength grout was pumped into the wide end opening (Fig. 9) . The flow test showed an acceptable grout consistency with a spread diameter of 5.25 in. (133 mm) for specimen FGSS-2.
Tension tests of reinforcing bars were conducted along with compression tests on concrete cylinders and grout cubes for each specimen. [21] [22] [23] Table 3 presents the results of tension tests on reinforcing bars. The column bars for specimen FGSS-1 and the cap beam dowel bars for specimen FGSS-2 had different material properties than the rest of the steel bars because these were obtained from the manufacturer as threaded bars. Table 4 contains the compression test results for the concrete and grout reported for both the 28th day of curing and the day of the specific test. disruption to the column plastic hinge region compared with specimen FGSS-1. Such a configuration was successfully implemented in the Provo to Salt Lake Frontrunner rail bridge construction using an alternative grouted splice sleeve connector in which both connecting bars were grouted inside the splice sleeve. The precast concrete column reinforcing bar cage was built first for specimen FGSS-2. Dowel bars measuring 7 in. (180 mm) long protruded from the column end. The joint core was built and centered in the cap beam. Threaded hooked bars were previously fastened onto the fastened and grouted splice sleeve connectors by means of a pipe wrench and arranged in a circular fashion using a template. Horizontal joint reinforcement consisting of a closely spaced spiral was tied to both the vertical fastened bars and the fastened and grouted splice sleeve connectors. The tails of the fastened bars were oriented into the joint core and had a length of 2 ft 4 in. (0.7 m).
Specimen CIP represents monolithic construction without any fastened and grouted splice sleeve connectors. Figure 8 shows the details of specimen CIP and the reinforcing bar cage before casting the concrete. The column longitudinal bars had no lap splice. The spiral reinforcement did not have any splice and extended from the column top to the cap beam bottom as continuous helical steel reinforcement around the longitudinal bars. The diameter of the spiral was kept the same as for the spiral around the column bars in the other two specimens, thus ensuring an identical moment arm for column longitudinal bars.
A proprietary high-strength and ready-to-mix grout formulated for this particular grouted splice sleeve was used. One 50 lb (23 kg) bag of grout mixed with 0.7 gal. 
Specimen CIP details
Specimen CIP reinforcing bar cages
Experimental setup
Each specimen was connected to the floor by means of eight high-strength threaded rods on each side, half of which ran through PVC pipes embedded in the cap beam. The rods were then bolted to the strong floor to prevent the specimens from moving or slipping. This support condition was designed to provide limited rotational restraint simulating a hinged support condition.
The axial load system consisted of a cylindrical 500 kip An axial compressive load of 6% of column axial capacity was applied to simulate gravity loads. Figure 11 shows a schematic and a picture of the specimen fastened to the floor girders.
A 120 kip (530 kN) servo-controlled actuator with an overall stroke of 18 in. (440 mm) was used to apply the quasistatic displacement history; however, specimen CIP was
Test procedure Instrumentation
Test specimens were instrumented with strain gauges in the plastic hinge region and the joint area on both longitudinal and transverse steel. For the precast concrete specimens, strain gauges were placed in the middle section of the fastened and grouted splice sleeve connectors to obtain the strain on the sleeves. String potentiometers were used to measure column displacements during the test. They were attached to the column head at the actuator centerline. The two potentiometers were oriented in two opposite directions. Column displacements were obtained by taking the average of the two potentiometer readings. Linear variable differential transformers (LVDTs) were used to study the curvature distribution and base rotation, bond slip, and global vertical and horizontal movement of the specimens.
Ten LVDTs were mounted to the column end, over a 30 in. (760 mm) long region to measure the relative vertical displacements and provide data for curvature analysis. Figure 10 shows an example of strain gauges installed on both longitudinal and transverse reinforcement of specimen CIP along with LVDTs attached to fixtures on the east side of the column. Pregrout technique prior to installation Bed grout at column-to-cap beam interface 
Test results
Hysteretic response Figure 12 shows the hysteresis curves of the specimens. They include four major damage states: concrete cracking and spalling, reinforcing bar pullout, yield penetration, and reinforcing bar fracture.
Hysteresis response of specimen FGSS-1 The pinched hysteresis loops for specimen FGSS-1 (Fig. 12) indicate that the overall force-displacement performance was controlled by the bond-slip characteristics of the fastened and grouted splice sleeve connectors. In addition to pinching from excessive slippage of the cap beam dowel bars inside the fastened and grouted splice sleeve connectors, reinforcing bar slippage introduced another type of disruption in the unloading branch of the response in the east direction. This was attributed to closure of the gap originally formed as a result of bond deterioration and tested using a 250 kip (1100 kN) servo-controlled actuator with an overall stroke of 24 in. (610 mm).
Displacement history
A reversed cyclic quasi-static displacement-controlled protocol was applied to the column 8 ft (2.4 m) above the cap beam. The history comprised increasing amplitudes as multiples of the predicted yield displacement of the column. 24 Two cycles were employed for each displacement cycle to the east and west (Fig. 11) . The displacement rate was set to 1.2 in./min (30 mm/min) up to the end of n/a n/a Note: n/a = not applicable. 1 ksi = 6.89 MPa. Figure 10 . Instrumentation details.
Strain gauges on reinforcing bars LVDTs adjacent to column end east and west directions, respectively. Failure of specimen FGSS-1 was caused by excessive bar slippage and pullout of reinforcing bar from the fastened and grouted splice sleeve connectors. The axial load applied to this specimen was unintentionally 40% higher than for the other two test specimens. This introduced a slight increase in the lateral force capacity for FGSS-1.
Hysteresis response of specimen FGSS-2 Hysteresis loops of specimen FGSS-2 ( Fig. 12) were relatively bar slip. This gap closure phenomenon at the column-tocap beam interface is visible for the unloading branch of the hysteresis loops at the 4% to 6% drift ratio in the east direction. The lateral force peaked at the 5% and 3% drift ratio in the east and west direction, respectively. A gradual strength reduction or cyclic strength deterioration was noted as a result of bond degradation between the dowel bar and grout inside the fastened and grouted splice sleeve connectors. The test was terminated at the end of the 6% drift ratio due to a load reduction of 20% and 30% for the 
Schematic test setup
Actual test setup reinforcing bar fractured in the first cycle of the 7% drift ratio, while the column east bars underwent excessive slippage, which resulted in considerable strength reduction. Ultimately, the test was terminated after the 7% drift ratio because a strength drop of 42% and 45% occurred in the lateral force capacity as a result of west reinforcing bar wide and stable compared with specimen FGSS-1, without any considerable strength degradation before reinforcing bar fracture or pullout, in the last drift ratio of 7%. The peak lateral force of 34.7 kip (154 kN) and 36.3 kip (161 kN) occurred at the 4% and 5% drift ratios, in the east and west directions, respectively. The column west 
Experimental observations and damage states
Visual observations made during testing of the precast concrete and control specimens are summarized in Fig.  13 to 15. This includes damage progression along with damage states of the most significant events throughout the response.
Visual observations for specimen FGSS-1 All major cracks had developed by the end of the 3% drift ratio. Spalling initiated at the corners of the octagonal column during the first cycle of the 3% drift ratio. The longest and widest crack, which had formed previously at the bed grout section, became a gap at the column-to-cap beam interface during the 3% drift ratio. This is evident in Fig.  13 , which shows the gap opening while the column was at the peak displacement of the 3% drift ratio.
Cracks widened and concrete spalling progressed at higher drift ratios. During the 6% drift ratio, the conical shape of the expelled grout became visible; this condition is presented in Fig. 13 . This grout failure resembles the air test results in Fig. 4 . The test was terminated after the 6% drift ratio due to bond deterioration and subsequent reinforcing bar pullout. The height of the spalled concrete was 8 in.
fracture and east reinforcing bar pullout. This was a unique failure mode because it included both a ductile failure and a bond-slip failure. The gap closure phenomenon at the column-to-cap beam interface described for specimen FGSS-1 was also observed for this specimen, an indication of excessive reinforcing bar slip at the 4% drift ratio.
Hysteresis response of specimen CIP The overall response of specimen CIP was satisfactory, and the wide and stable hysteresis loops indicated a high energy dissipation capacity. This desirable performance represents a ductile response of a well-detailed reinforced concrete flexural component under both axial and lateral loading. The peak lateral force was 37.8 kip (168 kN) during the 2% drift ratio and 33.9 kip (151 kN) during the 3% drift ratio for the east and west direction, respectively.
This test was terminated after the 10% drift ratio due to the fracture of the extreme east and west column longitudinal steel bars. The west reinforcing bar fractured when the column top was close to the peak displacement during the first cycle of the 10% drift ratio. Subsequently, the bar on the east side of the column fractured during the first cycle of the 10% drift ratio. The superior hysteretic response of the control specimen is evident when compared with both precast concrete alternatives in Fig. 12 . Bed grout opening at 3% drift ratio (peak)
Bar pullout during 6% drift ratio Damage state at 3% drift ratio
Damage state at end of test (6%) 0.03 in. (0.8 mm) at the end of the 3% drift ratio. Concrete cover spalling initiated during this drift ratio with a height of 8 in. on the column east side (Fig. 14) . Cracks opened further and concrete spalling intensified after the 3% drift ratio up to test termination. Flexure-shear cracks formed on the north and south sides of the column during the 5% drift ratio, and the representative crack at 8 in. above the column base had a width of 0.04 in. (1 mm). Spalling became deeper and wider during the 6% drift ratio, and a strength reduction was noted at the end of the second cycle in the west direction. This was attributed to bond deterioration between the grout and the embedded column dowel. The column extreme west bar broke at the end of the first cycle in the 7% drift ratio, whereas the east bar did not fracture; however, the drop in the lateral force capacity for the west direction implied that a bond-related phenomenon had caused a sudden reduction in strength. Posttest observations showed that the spiral became exposed near the column end, and the largest flexural crack was found Figure 13 shows the damage condition at the 3% and 7% drift ratio for specimen FGSS-2. Yield penetration was noted around the two column extreme bars at the end of the 6% drift ratio. Spalling became wider and deeper, covering the cracks that developed in the previous cycles. Figure 14 shows the state of damage to the column at the end of the 6% drift ratio. In the 7% drift ratio, the column spiral became visible and the depth of yield penetration increased to 1 1 ⁄8 in. (29 mm). The column extreme longitudinal reinforcing bar was visible during the 8% drift ratio. The concrete cover was crushed, which led to buckling of the reinforcing bar during the next drift ratio.
Visual observations for specimen CIP
Low cycle fatigue caused fracture of the column extreme bars on both sides in the first cycle of the 10% drift ratio. The west column bar fractured first when the load was applied in the east direction, and then the east column bar fractured when the load was applied in the west direction. Figure 14 shows the damage state for this specimen at the end of the test. The cap beam remained intact with only two hairline cracks developed in the joint region during the 2% drift ratio.
Displacement ductility
Displacement ductility capacity is the ability of a structural component to perform beyond the yield point without excessive strength deterioration; this was computed based on the concept of equal energy of an idealized elasto-plastic system. 25 The average backbone curve was first constructed using the peak values of the first cycle for each drift ratio. To obtain the effective yield displacement of the system, it was assumed that the ideal elasto-plastic curve intersects the average backbone curve at a force equal to 70% times the effective yield force. 24 The ultimate displacement was taken as the displacement corresponding to a 20% drop in lateral load capacity.
26 Displacement ductility is the ratio of the ultimate displacement to the yield displacement. Table 5 shows the displacement ductility of all specimens.
The displacement ductility of specimen FGSS-1 was 4.9, while specimen FGSS-2 had an improved value equal to 5.8 due to a more pronounced bending action along the entire column height. Specimen CIP had a ductile performance and a displacement ductility of 9.9, which was superior to the precast concrete specimens. The displacement ductility capacity obtained for the precast Note: F y = effective yield force; K eff = effective stiffness; Δ u = effective ultimate displacement; Δ y = effective yield displacement; μ Δ = displacement ductility. 1 in. = 25.4 mm; 1 kip = 4.448 kN. 
Damage state at 3% drift ratio
Damage state at 6% drift ratio: cracks and spalling, yield penetration
Damage state at end of test: cracks and spalling, reinforcing bar buckling and fracture reason is the additional compression component from the cast-iron connectors, which provide some resistance against the applied lateral forces. Hence, the lateral force capacity of specimen FGSS-1 was 11% greater than that of specimen CIP.
Energy dissipation
One desirable feature of ductile elements in high seismic regions is their ability to dissipate energy through inelastic deformations. This is an indication of the quality of the hysteretic response. The area enclosed by the hysteresis loops, referred to as the hysteretic energy, was computed cumulatively for each specimen to obtain the energy dissipation capacity. Figure 17 shows the cumulative hysteretic energy capacity. The three specimens had similar hysteretic energy dissipation up to 3% drift ratio, after which specimens CIP and FGSS-2 had a slightly better performance. Specimen FGSS-2 with the fastened and grouted splice sleeve connectors inside the cap beam had wide and stable hysteresis loops that compared well with specimen CIP.
concrete specimens exceeded the minimum displacement ductility capacity of 3.0 for ductile components specified in Caltrans SDC. 20 According to the AASHTO seismic bridge design provisions, the local ductility demand for ductile members in high seismic zones is limited to 5.0 for single-column bents and 6.0 for multiple-column bents. 19 The backbone curve of the force-displacement response or cyclic envelope was constructed by joining the peak values of the load for the first cycle at each drift ratio. Figure 16 presents the cyclic envelopes for the three specimens. The response is similar up to 0.5% drift ratio, after which there were differences in the nonlinear response, especially in terms of displacement capacity. The lateral load capacity was similar for specimens FGSS-2 and CIP, whereas specimen FGSS-1 had a relatively higher strength. This is attributed to the fact that the axial load applied to specimen FGSS-1 was unintentionally 40% higher than the other two specimens. In addition, based on previous experiments, when the bulky cast-iron grouted splice sleeve connectors are incorporated in the column plastic hinge, there is a 7% to 13% increase in the lateral force capacity due to a partial transition of the flexural action to the section right above the grouted splice sleeve. 12, 16, 27 A third Positive curvature was associated with the load applied in the east direction. The calculated curvature was assumed to be an average over the segment height. Figure 19 presents the normalized curvature distribution along the column for all specimens. Curvatures were included up to a 6% drift ratio, which was the last common drift ratio. Dashed lines mark the top of the fastened and grouted splice sleeve connectors in the column for specimen FGSS-1.
The normalized curvature profile of specimen FGSS-1 indicates that curvature capacity was a minimum over the FGSS connectors and that flexural action was concentrated at sections above and below the fastened and grouted splice sleeve connectors. An examination of this curvature profile reveals that the fastened and grouted splice sleeve connectors did not develop considerable stresses. The asymmetric curvature profile of specimen FGSS-1 was attributed to early bond deterioration of the east cap beam Equivalent viscous damping is another quantity used to evaluate relative energy dissipation capacity under cyclic loads. The equivalent viscous damping offers more information about the hysteretic response of the system because both hysteretic and strain energy are considered. The equivalent viscous damping ratio ξ eq was obtained as the ratio of the hysteretic energy to the energy of the equivalent viscous system as defined in Eq. (1).
28
( 1) where E D = hysteretic energy (area inside hysteresis loop) E S0 = strain energy Figure 18 presents the average ξ eq of both cycles for each drift ratio. Specimen FGSS-2 had the closest hysteretic performance to specimen CIP. Specimen CIP had a ξ eq of 35% at the 10% drift ratio, which is a desirable value for ductile components. The equivalent viscous damping ratio at 6% drift ratio was 14%, 22%, and 24% for specimens FGSS-1, FGSS-2, and CIP, respectively. This implies that the hysteretic response was improved when the fastened and grouted splice sleeve connectors were located inside the cap beam because of a reduced flexural demand in the fastened and grouted splice sleeve region.
Column curvature and dowel bar yielding patterns
LVDTs installed on both the east and west sides of the column were used to study curvature distribution. Four curvature segments were specified by using four LVDTs on each side of the column. The average curvature was computed using Eq. (2): Figure 18 . Equivalent viscous damping.
Specimen FGSS-1 Specimen FGSS-2 Specimen CIP
A satisfactory curvature distribution was achieved for specimen FGSS-2 (Fig. 19) . This is similar to the curvature distribution for cast-in-place concrete bridge bents with either well-detailed standard lapped splices or monolithic construction. Neglecting the asymmetric curvature distribution for the load applied in the west and east directions, this curvature profile resembles an acceptable distribution of curvature demand along the column, with the highest dowels inside the connectors. Considering the hysteretic response of this specimen (Fig. 12) , a drastic strength drop was noted after the 3% drift ratio, when the load was applied in the west direction. This implies gradual strength degradation as a result of severe bond deterioration, which caused a more pronounced rocking behavior than bending, and thus smaller curvature values when the column was in the west direction. Curvature distribution for specimen FGSS-1
Curvature distribution for specimen FGSS-2
Curvature distribution for specimen CIP indicating the system is in the inelastic range of response and unable to return to its original position. A reduced residual drift is more desirable in regions of high seismicity as it implies less significant damage to the plastic hinge region of bridge columns. To compare the residual drift of the three test specimens, this parameter was obtained by collecting the drift values associated with zero lateral force for each drift ratio.
The average residual drift of the push and pull response was considered from the second cycle of each drift ratio. 
Conclusion
The experimental evaluation of the column-to-cap beam joint tests conducted in this research provided qualitative and quantitative measures to evaluate the specimens under quasi-static lateral cyclic loads. A summary of findings is offered:
• The cast-in-place control specimen had a good hysteretic response with ductile failure (reinforcing bar fracture on opposite sides of the column). Well-distributed flexural cracks formed along the column height and the concrete cover spalled completely at the column end. The overall performance of this specimen was dominated by flexural action and formation of a plastic hinge at the column end. More localized damage was observed for the precast concrete specimen with the fastened and grouted splice sleeve connectors in the column. This involved fewer flexural cracks along the column height compared with the cast-in-place curvature values at the column end where moment is also a maximum and a gradual decrease in curvature away from the joint. The asymmetric curvature profile resulted from movement of one of the LVDT fixtures located on the column east side due to damage in the plastic hinge zone during the 3% drift ratio.
Specimen CIP had a desirable curvature distribution along the column base. This was attributed to the well-detailed column plastic hinge region without fastened and grouted splice sleeve connectors. 
Residual drift
During a major seismic event bridge piers are highly likely to experience permanent residual displacement (drift), Figure 20 . Residual drift for all test specimens.
Specimen FGSS-1 Specimen FGSS-2 Specimen CIP attributed to the presence of the connectors in the column end and the inelastic action shifting to the top and bottom of the connectors. Strain gauge data for this specimen showed that dowel bars developed their yield strength both in the column and cap beam. By contrast, for the precast concrete specimen with the fastened and grouted splice sleeve connectors inside the cap beam, the bars in the column yielded, but the bars in the cap beam did not yield. This is desirable and closely emulates cast-in-place concrete construction.
• The precast concrete specimen with the fastened and grouted splice sleeve connectors inside the cap beam achieved a drift capacity of 7.0%, which exceeds the drift demand expected in large earthquakes. It achieved satisfactory hysteretic performance and energy dissipation. In addition it achieved a displacement ductility of 5.8 and a curvature distribution that closely emulates cast-in-place construction. Precast concrete joints constructed with the specific details of this specimen are expected to perform adequately in moderate to high seismic regions.
specimen. The spalled region was also smaller as a result of the presence of the fastened and grouted splice sleeve connectors in the column end. The precast concrete specimen with the fastened and grouted splice sleeve connectors in the cap beam had a damage state similar to the cast-in-place control specimen because there were no sleeve connectors in the column. More flexural cracks formed along the column compared with the precast concrete specimen with the fastened and grouted splice sleeve connectors in the column, and the spalled region had a similar height, width, and depth to that of the cast-in-place specimen.
• Reinforcing bar fracture for the cast-in-place control specimen occurred at a 10% drift ratio due to low cycle fatigue. Premature reinforcing bar fracture occurred in the west column bar of the precast concrete specimen with the fastened and grouted splice sleeve connectors in the cap beam at a 7% drift ratio, which was accompanied by pullout failure of the east column bar. The precast concrete specimen with the fastened and grouted splice sleeve connectors in the column failed early at a drift of 6% because of reinforcing bar pullout due to excessive bond slip.
• The cast-in-place control specimen had a displacement ductility of 9.9 with hysteresis loops that were wide and stable, implying excellent energy dissipation. A displacement ductility of 5.8 was achieved for the precast concrete specimen for which the fastened and grouted splice sleeve connectors were inside the cap beam. Compared with the precast concrete specimen with the fastened and grouted splice sleeve connectors in the column, with a displacement ductility of 4.9, a more ductile response along with a better hysteretic performance was obtained by placing the fastened and grouted splice sleeve connectors in the cap beam. The displacement ductility obtained for all alternatives exceeded the minimum component displacement ductility of 3.0 specified in the Caltrans SDC. The displacement ductility for the precast concrete specimen with the fastened and grouted splice sleeve connectors inside the cap beam was greater than the maximum ductility of 5.0 for single-column bridge bents but less than the maximum ductility of 6.0 for multiple-column bridge bents specified in the AASHTO seismic guide for ductile members in high seismic zones.
• The distribution of inelasticity at the column end for the precast concrete specimen with the fastened and grouted splice sleeve connectors inside the cap beam was similar to that of the cast-in-place control specimen because there was no disruption of the natural stress transfer in the column end; however, for the precast concrete specimen with the fastened and grouted splice sleeve connectors in the column a different distribution of inelasticity was observed. This was 
